PCR is a powerful tool for generating specific fragments of DNA that can be used to create gene variations or tagged expression constructs. Overlap extension PCR is a valuable technique that is commonly used for cloning large complex fragments, making edits to cloned genes or fusing two gene elements together. After difficulties in utilizing this technique following existing methods, we developed an optimized protocol. To accomplish this, three significant changes were made; 1) touchdown PCR cycling parameters were used to eliminate the need for optimizing PCR cycling conditions, 2) the high-fidelity, high-processivity Q5 DNA polymerase was used to improve full-length amplification quality, and 3) a reduced amount of primer in the final PCR amplification step decreased non-specific amplimers. This modified protocol results in consistent generation of gene fusion products, with little to no background and enhanced efficiency of the transgene construction process.
Specification
To develop a reliable, easy to follow protocol for overlap extension PCR that requires little to no optimization. To accomplish this, we focused on the generation of P2A gene fusion as described by Szmczak et al. [1] and explored several reaction parameters in order to find the optimal conditions of each one. We utilized touchdown PCR cycling conditions throughout the protocol to eliminate the need to optimize the PCR conditions [2] . The effect of DNA polymerase was examined by comparing commonly used Phusion DNA polymerase to Q5 DNA polymerase. Both polymerases are high fidelity but Q5 also has high processivity of DNA synthesis. Lastly, the amount of primer was varied in the final PCR amplification step from the standard 10 mM down to 1 mM. 
Description of protocol
Overlap extension PCR was originally developed as a method to introduce mutations into transgenes [3] [4] [5] [6] . It has since been developed and utilized to generate gene chimeras and more recently been described to be used in the generation of seamless P2A fusion constructs [1, 7] . In this paper, the identification of key steps that allow for reliable success of P2A fusion gene construction by overlap extension PCR were tested. The result is an optimized protocol for the generation of P2A fusion genes that relies on the use of a high fidelity DNA polymerase with high processivity, touchdown PCR in all PCR steps, and decreased primer concentration in the final P2A gene fusion PCR amplification step.
Major 
Method details
In this protocol, we use overlap extension PCR to construct a fusion protein separated by a P2A peptide cleavage site that will allow for separation of the two polypeptides upon expression in the cell [8] (Fig. 1) . The coding sequence (CDS) for protein 1 and protein 2 are PCR amplified from expression plasmids and the P2A site will be incorporated through the primer design.
To design this construct, ensure that the first open reading frame 1) has a Kozak sequence before the initiating methionine (ATG) [9] , 2) does not contain a stop codon and 3) is in frame with the P2A expression cassette and second open reading frame. The only stop codon will be at the end of the Step 2 (middle panel) uses Fragment 1 and Fragment 2 to generate a full length P2A coding sequence (red boxes) fusion using overlap PCR.
Step 3 PCR amplifies the full length P2A containing product. The final product has restriction enzyme sites at both ends, with 2 in-frame coding sequences and a P2A site separating them.
second open reading frame. An important feature of overlapping PCR is to ensure that primers 1-P2A (reverse primer to amplify CDS1) and 2-P2A (forward primer to amplify CDS2) have overlapping sequences on their 5 0 ends (Fig.2 ). This overlapping sequence is incorporated into the PCR products in Step 1 and is crucial to the primer extension in Step 2 ( Fig. 1 ).
All primers should have an annealing temperature of approximately 62 C so that the fragment generation and final amplification PCR may be done using the same touchdown PCR program with only an elongation step time adjustment [2] . Note that the 62 C annealing temperature is calculated only from the gene target specific portion of the P2A primers (1-P2A and 2-P2A) in Step 1, and does not include the extended P2A sequence (Fig. 2) . Modifying the PCR parameters to touchdown PCR and using the Q5 polymerase greatly reduces time and reagents in amplifying products while maintaining high quality product. Restriction enzyme sites are included in the 5 0 ends of the R1 and R2 primers to allow for subcloning of the final product (Fig. 1) .
Amplification of primary fragments (Step 1)
The first amplification generates PCR products with overlapping sequences for the overlapping extension in Step 2. In order to eliminate the need for PCR optimization, we used touchdown PCR in all of our amplification programs. PCR reactions* are carried out in a volume of 50 mL and all reactions were assembled on ice.
PCR reaction for CDS 1:
PCR reaction for CDS 2:
10 mL 5X Q5 reaction buffer 10 mL 5X Q5 reaction buffer 1 mL 10 mM dNTP 1 mL 10 mM dNTP 3 mL 10 mM primer mix: R1 and 1-P2A 3 mL 10 mM primer mix: R2 and 2-P2A 10 ng of DNA template for protein 1 10 ng of DNA template for protein 2 X mL molecular grade water X mL molecular grade water Up to 50 mL using molecular grade water Up to 50 mL using molecular grade water *Note: If GC enhancer is needed in the reaction decrease the water by amount by 10 mL and add 10 mL of Q5 GC enhancer. Additionally, in the generation of the primary fragment (Step 1), an alternate high fidelity DNA polymerase, such as Phusion DNA polymerase, may be used.
Thermocycling C. Both primers also have CDS specific sequences at the 3 0 end (blue boxes). A small linker region is also included between the first CDS and the P2A site (primer 1-P2A). The CDS specific sequences for each primer has a Tm of $62
C. The resulting fusion PCR contains CDS 1 followed by an in frame P2A site and CDS 2 (bottom panel). The peptide sequence and P2A cleavage site are shown.
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C 2 min 1 cycle. Hold 10 C Analyze 30 mL of PCR reaction by gel electrophoresis on a 1 % agarose TAE gel containing 1X Gel Red (Biotium) and run at 10 V/cm for 30 min. Visualize amplimers under ultraviolet light (Fig. 3) and excise PCR products of the predicted sizes for Fragment 1 and Fragment 2 using a clean razor blade. Place individual gel slices in separate 1.5 mL Eppendorf tubes and recover the DNA using the Monarch 1 DNA gel extraction kit following the manufacturer's instructions. Elute DNA off the column using 30 mL of elution buffer. Purified primary PCR products should then be quantified using a Nanodrop 1 and all purified DNA should be stored at À20 C until needed for the overlap PCR reaction (Step2).
Overlap PCR reaction (Step 2)
The purpose of the Overlap PCR reaction is to generate the full-length fusion gene containing the P2A site from the two primary fragments generated in Step 1. This PCR reaction does not use any primers and relies on the overlapping sequences generated in Step 1 for primer extension. It is important that both primary fragments be present in the PCR reaction in equimolar amounts. We Table 1 ). The left panels utilized Phusion DNA polymerase which resulted in inconsistent amplification of the final P2A fusion products. The right panels utilized Q5 DNA polymerase and Q5 DNA polymerase with GC enhancer. The Q5 PCR reactions resulted in consistent amplification of the P2A fusion products (lanes 11-14 and 16-19). Across all PCR conditions, the decrease of primer concentrations from 10 mM to a range of 1À2 mM resulted in cleaner amplification of the P2A fusion products (lanes 13, 14, 18, 19) .
generally use $100 ng/1 kb fragment in the PCR reaction. Calculation of molar ratios may be done using a biomath calculator such as NEBioCalculator (https://nebiocalculator.neb.com/#!/ligation). The overlap PCR reactions were carried out in a volume of 50 mL. P2A fusions with fluorophores can be GC rich. To streamline the process, we recommend setting up two PCR reactions, one with GC enhancer and one without, and do the same for step 3: final fusion gene PCR amplification. The PCR reactions using Q5 DNA polymerase with and without GC enhancer are listed below.
Overlap Q5 Reaction:
Overlap Q5 + GC enhancer Reaction:
10 mL 5X Q5 reaction buffer 10 mL 5X Q5 reaction buffer 2 mL 10 mM dNTP 10 mL 5X Q5 GC enhancer X mL Primary Fragment 1 ($100 ng/Kb) 2 mL 10 mM dNTP X mL Primary Fragment 2 ($100 ng/Kb) X mL Primary Fragment 1 ($100 ng/Kb) 0.5 mL Q5 DNA polymerase X mL Primary Fragment 2 ($100 ng/Kb) Up to 50 mL using molecular grade water 0.5 mL Q5 DNA polymerase Up to 50 mL using molecular grade water C for 2 min 1 cycle. Hold 10 C PCR cleanup is not needed for the final amplification in Step 3. PCR products can be stored at À20 C.
Final fusion gene PCR amplification (Step 3)
The purpose of the final PCR step is to amplify the full-length P2A fusion product for DNA isolation and subcloning. There are two key factors in this step. The first is to utilize a high processivity, high fidelity DNA polymerase such as Q5 or PfuUltra 1 . The second key factor is to use low concentrations of primer 1 (R1) and primer 2 (R2) from Step 1 (amplification of primary fragments). Lowering the concentration of primers in the reaction greatly enhances the yield and lowers the presence of nonspecific bands. The final PCR reactions are as follows:
Final Fusion Reaction:
Final Fusion + GC enhancer Reaction:
10 mL 5X Q5 reaction buffer 10 mL 5X Q5 reaction buffer 2 mL 10 mM dNTP 10 mL 5X Q5 GC enhancer 4 mL Step 2 PCR reaction 2 mL 10 mM dNTP 1 mL primer 1 (R1) from Step 1 (1-2.5 mM) 4 mL
Step 2 PCR reaction 1 mL primer 2 (R2) from Step 1 (1-2.5 mM)
1 mL primer 1 (R1) from Step 1 (1-2.5 mM) 0.5 mL Q5 DNA polymerase 1 mL primer 2 (R2) from Step 1 (1-2.5 mM) Up to 50 mL using molecular grade water 0.5 mL Q5 DNA polymerase Up to 50 mL using molecular grade water (Fig. 3) and excise amplimers that are the correct size for the full-length fusion gene using a clean razor blade and place in a 1.5 mL Eppendorf tube. Purify the DNA from the agarose gel slice using the Monarch 1 DNA gel extraction kit following the manufacturer's instructions and elute in a final volume of 30 mL.
The final PCR product can be subcloned into your expression vector using the restriction sites on the 5 0 and 3 0 end of the generated fusion gene (from R1 and R2 primers) and then sequenced to verify that there are no PCR errors in the final construct. For the purposes of validating the efficacy of the altered protocol, we subcloned the full-length fragment and selected clones for sequencing.
Validation
To validate this protocol, we generated and cloned 3 separate P2A containing fusion genes. We examined the effects of primer concentration and different polymerases used to generate the final fusion gene (Step 3) (Fig. 3) . The amplification of the final fusion gene can be affected by primer concentration and DNA polymerase choice. From our experience, reducing the primer amount to 1-2 mM in the final PCR reaction (Step 3) significantly improves the amplification of the desired PCR product in all conditions. Additionally, the use of a high processivity DNA polymerase appears to increase the quality of desired amplimer produced. We also believe it is worth setting up PCR reactions with and without GC enhancer for the overlap PCR reaction (Step 2) and the final fusion gene amplification (Step 3) due to the possibility of GC rich repeat areas. The efficiency of this protocol has further been confirmed by the number of clones verified with the correct full-length sequence (Table 1) .
Conclusion
Due to difficulties in getting consistent results using overlap extension PCR following existing methods, we developed an optimize protocol that provides reliable, consistent results each time. This protocol works efficiently for any type of overlap extension PCR manipulation, including 1) mutagenesis by insertion, deletion or point mutations, 2) inserting epitope tags or P2A sites, and 3) splicing sequences together. The optimization of the protocol comes from changes in primer amounts, DNA polymerase and cycling conditions.
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